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Abstract 
 
Increasing world energy demand and recent climate change due to global warming have 
led us to search for sustainable energy sources with the lowest possible greenhouse-gas 
emissions. Our main energy, which sources from fossil fuel, is not sustainable and its 
combustion produces high content of harmful emissions. Hydrogen is always thought to be an 
ideal fuel because it is clean, renewable, and has abundant energy sources. Apparently, before 
hydrogen can be realized as the main energy source, a few major problems, such as the real-
time production, safe and convenient storage, efficient combustion of hydrogen gas, and high 
production cost, need to be addressed. While waiting for the hydrogen technology to mature, 
the use of other types of gaseous fuel to combat the greenhouse-gas emissions deem necessary. 
Natural gas is not a renewable fuel but it has abundant resources and the lowest average 
specific CO2 emission among the non-renewable fossil fuel energy resources. 
 
Gas engines are typically utilized for electric power generation but are becoming 
popular in transportation sector. Recent statistical data obtained from NGV Global shows the 
worldwide growth of NGVs is increasing exponentially. A CNG engine is usually operated in 
the lean mode where equivalence ratio is between 0.7 and 1.0 by employing premixed-type 
ignition technique. The CNG lean-burn approach has the advantage of high thermal efficiency, 
low NOX emission, and lower fuel consumption compared to stoichiometric combustion. 
However, CNG lean combustion has problems such as poor ignitability and poor flame 
propagation which cause high cyclic variation, misfires and high THC emission. Using the 
lean-burn approach, the ignitability of the first flame core relies on local fuel-air mixture 
concentration near the ignition position. Too rich or too lean local mixture will cause the first 
flame core to quench before it begins to propagate to other parts of the combustion chamber. 
It causes poor combustion quality, misfires and higher cycle-to-cycle variations. 
 
In this study, a gas-jet direct-ignition method was applied to improve lean CNG engines 
operation. The gas-jet ignition method employs late injection timing technique which is very 
near to the ignition timing. The injected fuel reaches the ignition point with low jet velocity to 
ensure ignitability, while at the same time creating enough combustible mixture to support 
 v 
flame core development. Through experiments, it was found that the gas-jet ignition method 
was able to operate in ultra lean mode at equivalence ratio less than 0.3. To enable engine 
operation at equivalence ratio between 0.3 and 0.8, gas-jet ignition with two-stage injection 
method has to be implemented. The second gas injection followed by ignition similar to the 
gas-jet ignition, ensures ignitability. The first injection is delivered early similar to the 
premixed-type ignition method to create non-heterogeneous mixture to sustain flame 
development from the kernel initiated by the gas-jet ignition. 
 
In the application of gas-jet ignition with two-stage injection using a real engine, the 
ignitability, combustibility and THC formation were investigated by varying the first injection 
fuel delivery timing. Moreover, the effect of hydrogen addition to CNG fuel on the 
ignitability, combustibility and THC formation were also investigated. The fuel-air mixture 
distribution inside the combustion chamber prior to ignition timing was calculated using CFD 
software to provide hints on the combustion cyclic variability and THC formation found 
during the engine tests. Furthermore, flame of the gas-jet ignition with two-stage injection 
combustion was observed using a constant volume chamber. 
 
It was found that the gas-jet ignition and gas-jet ignition with two-stage injection 
methods are effective to extend lean combustible ranges of CNG engines. The first injection 
timing in the two-stage injection method is a key factor to the better engine performance 
because it affects flame development after ignition. The combustion cyclic variation and THC 
emission are sensitive to mixture distribution in clearance space of the combustion chamber 
around spark position just after ignition. Such mixture distribution is highly dependent on the 
first fuel delivery. At lean equivalence ratio, early injection produces well-dispersed bulk 
mixture leaner than CNG lean combustible limit, thus slows flame development. Late 
injection tends to produce rich mixture in the clearance space preventing initial flame 
development. Both cause relatively high THC emission. When hydrogen was added to CNG, 
it was found to effectively improve flame propagation, resulting in low THC emission free 
from cyclic variation. Hydrogen flame also supports CNG combustion with lean mixture. 
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Chapter 1 Introduction 
1   Introduction 
 
1.1 The Rise of Crude Oil Price 
 
Energy and environmental issues are two relevant and heavily concerned issues 
worldwide. These two issues play an important part in our economy and health. It also affects 
the living of our future generations. Our main energy, which sources from fossil fuel is 
increasing in demand but depleting in supply. The increasing in demand is due to world 
development and technology advancement. Recently, such unbalance supply-demand 
equation creates major global economic turmoil by sudden changes in oil price.  
 
Figure 1-1 shows the crude oil historical price from 1980 to 2011, and price projections 
from 2011 to 2030. The price shown is in US Dollars per barrel. From the figure, the price of 
oil changes drastically between year 2007 and 2009. Overall, the crude oil price shows an 
increasing trend. This trend translates to insecurity of the cost and availability of the fossil 
fuel in the near future. Thus, in recent years, many countries try to lessen their dependency on 
fossil fuel by adopting alternative energy sources [1-5]. 
 
 
Fig. 1-1 History and projections of world oil price [6] 
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1.2 Fossil Fuel Combustion Pollutants 
 
Any fossil fuel, typically diesel and gasoline combustion produces high content of 
harmful emissions. The primary combustion product, i.e. carbon dioxides (CO2) is a part of 
greenhouse gases known to elevate global warming. In Fig. 1-2 below, the global CO2 
emission from the burning of fossil fuel including gas flaring is shown. In the mid 1940s, the 
CO2 emission started to increase rapidly. The petroleum extraction and consumption 
accelerated at the end of World War II in 1945, which marks the beginnings of the cold war, 
the Bretton Woods system and decolonization [7, 8]. Since then the global CO2 emission has 
increased to more than 4 folds reaching towards 30Gt CO2. Most of us are already on alert but 
whatever we do or did, it seems that the CO2 emission problem is beyond our control and is 
kept getting worse. 
 
 
Fig. 1-2 Global CO2 emission from fossil fuel burning from 1850 to 2007 [9]. The unit is in Gigatonne 
CO2. Gas fuel includes flaring of natural gas. 
 
Some of the known combustion byproducts are carbon monoxides (CO), unburned 
hydrocarbon (HC), soot, Nitric Oxides (NOX), Sulfur Oxides (SOX) and oxides of metals [10].  
Inhalation of 0.02% of CO in air may causes headache and nausea to human; at higher 
percentage it may cause unconsciousness and even death in certain cases. Inhalation of HC 
and soot are known to cause respiratory problem while the HC and soot itself are carcinogenic. 
NOX denotes the total amount of nitrogen oxide (NO) and nitrogen dioxides (NO2). NOX are 
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the main cause of smog and acid rain. Smog – coined from the term smoke and fog – is a type 
of air pollution. Acid rain which is also caused by SOX is harmful to plants, aquatic animals 
and building. The environmental change, caused by human activities, that occurs over several 
decades, may also undermine the life-supporting functions of Earth [11-15]. 
 
The fights on these harmful emissions have been going on for ages but the earth seems 
always on the losing side. Now we are facing worsen climate and more natural disaster due to 
global warming. Our environment is kept on getting worse despite many pollution control 
attempts. No matter how tiny it may seems, any alternative sources of renewable, clean and 
abundant energy might help cushioning the fall. 
 
 
1.3 Hydrogen as an Ideal Fuel and its Technical Challenges 
 
The key criteria of an ideal fuel are inexhaustibility, cleanliness, convenience, and 
independence from foreign control. Hydrogen (H2) fits all the given criteria and thought to be 
the best option for clean renewable and abundant energy source [16-20]. Over the past 40 
years, hydrogen is being promoted by environmentalists and several organizations as a total 
solution for the air pollution and global warming problems. Ideally, hydrogen may replace 
gasoline, heating oil, natural gas and other fuels in both transportation and non-transportation 
applications. 
 
Hydrogen production pathways are shown in Fig. 1-3. Hydrogen can be produced from 
diverse materials derived from renewable and non-renewable sources. According to Ogden 
[21], if hydrogen is made from renewables, nuclear energy, or fossil sources with carbon 
capture, it would be possible to produce and use fuels on a global scale with nearly zero full 
fuel cycle emissions of greenhouse-gas (GHG) and greatly reduced emissions of air pollutants. 
 
 
Introduction 
4 
 
Fig. 1-3 Hydrogen production pathways [22, 23] 
 
The particular attraction of hydrogen lies in the fact that it can be obtained from water 
and that during combustion it oxidizes to water again. Hydrogen is the only fuel that permits 
propulsion entirely free of pollutant emissions except for a low level of NOX. It is the only 
fuel which does not contain carbon-based elements, thus avoiding emissions such as CO2, CO, 
HC and particulate matters. The combustion of hydrogen is given as: 
 
2H2 + O2 => 2H2O (2 hydrogen + oxygen => 2 water) 
 
Apparently, before hydrogen can be realized as the main energy source, a few technical 
and economical problems or challenges that need to be addressed [24]. Hydrogen main 
technical challenges are the real-time production, safe and convenient storage, and efficient 
combustion of hydrogen gas. The major economic challenge is the cost of hydrogen 
production, which is currently higher than the cost of petroleum extraction. Apart from those, 
the socio-political problem also plays their part inhibiting hydrogen usage, such as public 
awareness and governmental policies.  
 
Differently, according to Romm [20], hydrogen should be utilized as an energy carrier 
instead of energy source like fossil fuel. He argued that we might realize the clean energy 
from hydrogen for building and factory in the near future. However, for transportation, the 
biggest source of GHG emissions, hydrogen is unlikely to have a significant impact for 
another 40-50 years. Progresses on hydrogen research and development are too lengthy to be 
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discussed in this text. Summaries of hydrogen research and development can be found in 
these references [20, 25-27]. 
 
 
1.4 Natural Gas as an Alternative Fuel 
 
While waiting for the hydrogen technology to mature, the use of other types of gaseous 
fuel, specifically natural gas, to combat the greenhouse-gas emissions deem necessary. In 
addition, the use of natural gas is also cost effective because the technologies and 
infrastructures available to date favor the producing and utilization of natural gas instead of 
hydrogen. The awareness of these facts promotes rigorous researches and development on 
natural gas combustion. 
 
Natural gas is odorless, colorless, and tasteless in its pure form. It consists mostly of 
methane (CH4) and is drawn from gas wells or in conjunction with crude oil production. 
Besides methane, Natural gas may also include ethane, propane, butane and pentane. 
Compressed natural gas (CNG) is made by compressing natural gas to less than 1% of the 
volume it occupies at standard atmospheric pressure.  
 
Although natural gas is not a renewable fuel, natural gas has plentiful resources. As of 
January 2009, World Proved Reserves of Oil and Natural Gas stated that world natural gas 
reserved has the capacity of 6342 trillion cubic feet while oil reserved has the capacity of 
1,342 billion barrels [28, 29]. Natural gas also has clean burning characteristics compared to 
other type of fossil fuel. 
 
Similar to gasoline or diesel engines, CNG emissions vary with engine design. Table 
1-1 shows the weighted results from GREET–based analysis taken from an Argonne National 
Laboratory (ANL) report in 1999, and National Renewable Energy Laboratory (NREL) report 
in 2002. According to ANL, their GREET fuel-cycle model is used to generate necessary 
petroleum use and GHG emission coefficients of key fuel production pathways and 
combustion fuel types. The table shows percentage reduced when CNG is used to replace 
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reformulated gasoline (RFG) in light duty (LD) vehicles and to replace diesel fuel in heavy 
duty (HD) vehicles. In some countries, gasoline volatility is regulated in large cities to reduce 
the emission of unburned hydrocarbons by the use of RFG that is less prone to evaporation. 
The reduction of exhaust non methane hydrocarbon (NMHC) when CNG replaces RFG is 
only 10%. 
The study on CNG replacement in diesel engines were done on a fleet of UPS delivery 
trucks in the US by collaboration between Battelle, NREL and West Virginia University. The 
data shown in Table 1-1 is taken from chassis dynamometer test by West Virginia University. 
The CO reduction when CNG replaces diesel is almost doubled compared with gasoline in 
spark ignition (SI) engine in hybrid vehicles. The NOX reduction is 49% and the exhaust PM 
reduction is near to 100%. However, the use of CNG in SI engines releases unburned methane 
as much as 400%. 
 
Table 1-1 Percentage of pollutant reduced when CNG replaces gasoline and diesel  
Pollutant Reduction SI Engines [30] SI Hybrid [30] UPS Delivery Trucks [31] 
Exhaust NMHC reduction 10% 10% 4% 
CO reduction 20% 40% 75% 
NOx reduction 0% 0% 49% 
Exhaust PM reduction 80% 50% 95% 
Methane reduction -400% -400% Not measured 
 
 
Life cycle analyses provide most sensible comparison for greenhouse gas emission of 
various energy sources. The life cycle analyses takes into account the effects of producing and 
transporting fuel, building and subsequently decommissioning facilities, generating power, 
and treating and disposing of waste [32]. Figure 1-4 shows specific CO2 emission in terms of 
weight of CO2 equivalent per output power, for several energy sources. From the figure, 
natural gas has lowest average specific CO2 emission among the non-renewable fossil fuel 
energy resources, without the utilization of carbon capture and storage (CCS) facilities. CNG 
is also considered the most environment friendly fossil fuel due to its high share of hydrogen 
and relatively low carbon content. CNG production costs and maintenance costs are in most 
cases lower than those of gasoline or diesel. [33] 
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Fig. 1-4 Specific CO2 emission via lifecycle analyses [9] 
 
 
Table 1-2 Properties of methane and hydrogen [34-37] 
Properties Methane Hydrogen 
Density at NTP (kg/m3) 0.65119 0.083764 
Lean ignition limit () in NTP air 0.53 0.10 
Volumetric lower heating value at NTP (kJ/m3) 32,573 10,046 
Volumetric lower heating value in air at NTP (=1) 3,088 2913 
Laminar burning speed in NTP air (cm/s) 37–45 265–325 
Quenching distance in NTP air (cm) 0.203 0.064 
Adiabatic flame temperature in air (K) 2148 2318 
Minimum ignition energy in NTP air (mJ) 0.29 0.02 
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CNG is a slow burning fuel, which is known to have performance and emission issues 
during lean combustion. Referring to Table 1-2, hydrogen has about seven-time faster burning 
speed than CNG. It has been shown that mixing some percentage of hydrogen to CNG fuel is 
known to improve the combustion of lean burn CNG engines [34, 38, 39]. However, because 
of the percentage of hydrogen addition determines the resulting burning speed, the time 
interval between fuel injection and ignition plays an important role in producing optimum 
mixture distribution thus producing quality combustions [40-43]. 
 
According to many researchers, hydrogen addition to CNG was found to reduce 
combustion lean limit to a leaner equivalence ratio. Other results showed improvements in 
higher thermal efficiencies, higher BMEP, reduction of CO, CO2 and THC emissions from the 
combustion [35, 36, 40, 44, 45]. Hydrogen addition to CNG also increases the combustion 
speed and the combustion temperatures, which may result in increased NOx emissions 
compared to pure CNG at the same equivalence ratio [46]. 
 
 
1.5 Global Gaseous Fuels Energy Source 
 
Our global energy consumption is being closely monitored by the Intergovernmental 
Panel on Climate Change (IPCC). The IPCC consists of 194 countries and was established by 
the United Nations Environment Programme (UNEP) and the World Meteorological 
Organization (WMO). Their mission is to provide the world with a clear scientific view on the 
current state of knowledge in climate change and its potential environmental and socio-
economic impacts. 
 
The IPCC special report on renewable energy sources and climate change mitigation in 
2011 mentioned that the renewable energy share of global energy source in year 2008 is 
merely 12.9%. Referring to Fig. 1-5 below, from that small percentage, a large portion is 
sources by bioenergy. For nonrenewable energy, energy from oil still dominated the supply at 
34.6% while gaseous fuel for global energy generation is at 22.1%.  
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Fig. 1-5 Global primary energy supply in 2008 [9] 
 
 
 
Fig. 1-6 Global electricity power generation in 2008 [9] 
 
 
 
Introduction 
10 
Figure 1-6 shows the percentage and amount of energy source (in TeraWatts.hour) for 
global electricity generation. The renewable energy source is only 18.4% and is mainly by 
hydropower.  Energy from fossil fuel is dominated by coal at 41.1% and followed by natural 
gas at 21.4%. Comparing both Fig. 1-5 and Fig. 1-6 suggested that oil is widely used in 
mobile energy supply, namely in transportation, instead of in stationary electricity energy 
generation. Maybe there is energy source or energy transport using hydrogen fuel in year 
2008 but the quantity is too small compared to other types of fuel. On the other hand, the use 
of gaseous fuel, especially natural gas, is more being utilized in both mobile and stationary 
energy generations. 
 
 
1.6 Demand of Natural Gas Engines 
 
A gas engine is an engine running on gaseous fuel(s), such as coal gas, biogas, natural 
gas and hydrogen. Gas engines have been around since 19th century and typically utilized for 
electric power generation. In modern days, the use of natural gas engines is becoming popular 
in transportation sector [47-49]. Figure 1-7 shows worldwide NGV actual growth from 1991 
to 2011 and projection from 2006 to 2014. This statistical data was obtained from NGV 
Global; the International Association for Natural Gas Vehicles. The vertical axis in the figure 
shows numbers of NGVs. From the three trendlines shown, the worldwide growth of NGVs is 
best fitted by the exponential trendline. It is an indication that the worldwide market share of 
NGVs is increasing rapidly. 
 
Table 1-3 and 1-4 contain information taken from Natural and Bio Gas Vehicle 
Association (NGVA) Europe 2012 report. Table 1-3 shows worldwide light duty (LD), 
medium duty (MD) and heavy duty (HD) NGV percentage of market shares in 2012. NGV is 
prominently used in countries that have natural gas resources. Among a billion of world total 
vehicle population, NGV is only 1.34%. For every 1000 human populations in the world, 
there is 152 vehicles; and among that 152 vehicles 2 vehicles are NGVs. 
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Table 1-4 Top ten countries with largest NGVs and their fuel consumption worldwide in 2012 [52]  
Country 
Total 
registered 
NGVs 
% of total 
registered vehicles 
in the country 
% of total NGVs 
worldwide 
Theoretical fuel 
consumption 
(M Nm3) 
Iran  2,859,386 23.47% 19.70% 531.76 
Pakistan 2,850,667 81.52% 19.64% 498.80 
Argentina 2,044,131 15.97% 14.08% 367.99 
Brazil 1,702,790 4.85% 11.73% 306.51 
India 1,100,376 2.59% 7.58% 265.38 
Italy 779,090 1.91% 5.37% 150.11 
China 600,000 0.55% 4.13% 611.10 
Colombia 348,747 11.95% 2.40% 128.93 
Thailand 267,698 2.25% 1.84% 179.31 
Armenia 244,000 55.45% 1.68% 43.92 
 
 
Table 1-4 shows top ten countries with largest registered NGVs in 2012. All these 
countries are blessed with natural gas resources. The NGVs in the table consist of LD, MD 
and HD vehicles other than ships, trains and aircrafts. The highest number of registered NGVs 
per country is 2.86 million in Iran. The number of NGVs in Iran and Pakistan is almost equal 
but NGVs in Pakistan is 82% of total registered vehicles in the country, which is the highest 
percentage of NGVs per country.  The rightmost column is the 'theoretical fuel consumption', 
which shows total monthly consumption if cars consume 180, buses 3000, trucks 3000, and 
other vehicles 90 Nm3 (normal cubic meter) of natural gas per month.  Further calculations 
showed that the annual worldwide consumption of natural gas used as a vehicle fuel would be 
4.73 billion Nm3 or 39.1 Mtoe (Million tonnes of oil equivalent). 
 
 
1.7 Combustion Characteristics of CNG Engines 
 
Natural gas produces far fewer emissions than other fossil fuels and combusts 
efficiently. The efficiency and emissions of a CNG engine vary depending on the combustion 
and fuel delivery methods used. Stoichiometric combustion is when the chemically exact 
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amount of fuel is added to the air so that when the combustion is completed, the chemical 
formula for the fuel is completed: 
 
CH4 + 2O2 => CO2 + 2H2O 
 i.e. methane + 2 oxygen => carbon dioxide + 2 water 
 
This offers exceptionally clean combustion and exhaust gases. The downside is that the 
power output of the engine may be lower and its fuel consumption slightly higher when 
compared with a diesel engine. 
 
On the other hand, lean burn system employs an air/gas mixture that has more air than 
the stoichiometric ratio in the combustion cylinder. This may result in lower fuel consumption 
compared to stoichiometric combustion. A CNG engine is usually operated in the lean mode 
where equivalence ratio is between 0.7 and 1.0. The purpose of using this lean-burn approach 
is to achieve the advantage of high thermal efficiency and low NOX emission [53-57]. Unlike 
emissions, combustion efficiency is little affected by other engine operating and design 
variables. According to Heywood [58], provided the engine combustion remains stable, up to 
98% efficiency can be achieved. However, in lean combustion there are disadvantages such as 
poor ignitability and poor flame propagation which cause high cyclic variation and misfires. 
 
Poor ignitability is a well-known problem in lean-burn CNG engines [59-61]. The 
ignitability of the first flame core relies on local fuel-air mixture concentration near the 
ignition position. The local equivalence ratio surrounding the flame core should be near to 
stoichiometric. Too rich or too lean local mixture will cause the first flame core to quench 
before it begins to propagate to other parts of the combustion chamber. With lean air–fuel 
mixture, longer time is required for the initial flame core and rapid flame to develop. Slow 
flame propagation causes poor combustion quality, misfires and higher cycle-to-cycle 
variations [62, 63]. 
 
All those problems stated are related to fuel delivery, mixture distribution, ignition, 
flame core development, bulk gas motion, flame propagation and flame termination [48, 53-
56, 58-60, 62-65]. Those problems are the cause of increase in THC and CO emissions [66] 
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and high cyclic variation in lean-burn CNG engines. Cyclic variations can be measured using 
COV of IMEP and can be seen by observing combustion pressure of several consecutive 
cycles. Vehicle drivability problems are usually noticeable when the COV of IMEP exceeds 
10% [58]. 
 
 
1.8 Methods of Realizing CNG Lean Combustion 
 
The following are several methods proposed by several researchers to address the 
problems known in CNG lean combustion. Amorim et al. [67] have tried to obtain higher 
power output of a CNG engine by applying high compression ratio pistons 11:1, 12.5:1 and 
15:1 as it is known that CNG fuel has high resistance against knocking. However, they found 
high fuel consumption at 15:1 compression ratio due to unstable combustion, which was 
caused by high ambient temperature during ignition. 
 
Andreassi et al. [68] analyzed of the cyclic instability phenomena in a CNG fuelled HD 
turbocharged engine by means of a mixed experimental-computational approach. They 
suggested that the greater effect of the cyclic instability during lean CNG combustion seems 
to be exerted by the local composition of mixture in the surrounding of spark plug. 
 
Getzlaff et al. [69] studied the use of pre-chamber ignition system with pilot injection of 
small fuel quantity into the pre-chamber to control the ignitability at lean combustion. 
However, as a result of the additional pilot injection, the costs are generally higher than for 
stoichiometric operation of the combustion engine. The cost of additional pilot injection is 
also higher compared with direct-injection stratified charge method. 
 
As discussed above, many have found or suggested that the ignitability and combustion 
instability of CNG lean combustion are directly related to the local mixture composition 
surrounding the spark plug. However, only a few attempted to directly control the mixture 
composition and ignition except by the use of pre chamber combustion. This study applied a 
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concept of gas-jet direct-ignition onto a test engine to directly combat the ignitability and 
combustion instability problems, typically found during lean and ultra lean CNG combustion. 
 
 
1.9 Contents of Thesis 
 
This thesis mainly focuses on the application of gas-jet direct-ignition technique. The 
main purpose of the gas-jet ignition technique is to control ignition, combustion stability, and 
THC formation in CNG engines. Information available in this thesis includes basic concept of 
gas-jet direct ignition method, as well as further analysis on the mixture distribution and flame 
development when the gas-jet direct-ignition was applied. The information in this thesis is 
divided into seven chapters; 
 
Chapter 1  Introduction; contains background information regarding this work. It 
provides a holistic view of current global situation regarding the utilization of 
gaseous fuel mainly CNG and its relation to global energy and environmental 
problems. It briefly presents facts and data from all over the world which leads 
to the motivation of this study. 
 
Chapter 2  Characteristics of Gas-jet Direct-ignition in CNG Combustion; introduces the 
reader to the basic concept of the CNG gas-jet direct-ignition, which contains 
some of the early work related to the gas-jet ignition. It also describes the 
other fuel delivery and ignition methods; premixed-type ignition and gas-jet 
ignition with two-stage injection. It serves as a strong foundation to current 
work. 
 
Chapter 3  Experimental Setup and Analysis Method; presents the list of equipments used 
and how they were utilized in this work. It describes the test engine 
specifications, characteristics, and combustion chamber layout. It also 
describes experimental procedures of engine performance test and gas-jet 
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Schlieren imaging test. In addition, it contains methods of analysis using CFD 
computation and flame observation setup in a constant volume chamber. 
 
Chapter 4  Improvement of Engine Performance Employing Gas-jet Ignition and Two-
stage Gas Injection; compares the engine performance of employing 
premixed-type ignition, gas-jet ignition, and gas-jet ignition with two-stage 
injection. It also discusses the effect of first injection timing and fuel delivery 
concerning the two-stage injection method. It also contains analysis of the test 
engine performance when mixed fuel CNG with hydrogen addition was used. 
 
Chapter 5  Mixture Distribution Prediction by CFD Computation; contains analysis of 
mixture distribution when the two-stage gas injection was employed. The 
computation was done to mimic the test engine experiment, except with no 
firing cycle. It analyzes the mixture distribution inside the combustion 
chamber at ignition timing. 
 
Chapter 6  Flame Development Observation by CVC Experiment; contains images and 
analysis from flame observation by the CVC tests. It also contains information 
about the combustibility of gas-jet ignition with two-stage injection, and the 
effect of hydrogen addition on the gas-jet combustibility. 
 
Chapter 7  Conclusions; summarizes the whole study. 
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Chapter 2 Characteristics of Gas-jet Direct-ignition in CNG Combustion 
2   Characteristics of Gas-jet Direct-ignition in CNG Combustion 
 
2.1 Concept of Gas-jet Direct-ignition Method 
 
As previously discussed in section 1.8, CNG lean combustion requires direct control of 
the mixture composition and ignition in order to control ignitability, combustion stability and 
THC formation in a CNG engine. All these can be achieved by employing the gas-jet direct-
ignition technique. At globally lean combustion, the gas-jet direct ignition supplies stratified 
fuel-air mixture, where combustible mixture is locally available in the vicinity of ignition 
position. 
 
The basic idea of the gas-jet direct-ignition concept is to ignite the gaseous fuel when 
combustible mixture is locally available in the vicinity of ignition position. This normally 
happens during or slightly after injection. In realizing this idea there are many parameters 
involved such as; type of fuel, injector design, injection pressure, injection duration, ignition 
position, ignition timing, ambient pressure, ambient temperature and air motion. Early studies 
done in 2001 and 2002 by Kamoto et al. [70] and Kidoguchi et al. [71] pioneered the gas-jet 
direct ignition concept. 
 
Figure 2.1 shows the experimental result done in a constant volume chamber. The 
images shown in the figure were captured using Schlieren photography technique by a high-
speed digital video camera (Eastman Kodak, Ektapro HS4540) at a speed of 9000fps. The 
CNG fuel injector was installed in the upper part of the chamber, and an ignition point of a 
spark plug was set perpendicularly at the center of the observation window of 70mm in 
diameter. The ambient pressure was set at pa=0.75MPa and the injection pressures were 
pj=1.0, 1.4, and 1.6MPa. The gas fuel injection period was constant at 10ms, and ignition was 
performed at the time t=0 i.e. when the gas spray reaches the spark electrodes. 
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Fig. 2-1 Schlieren images of flame development and quenching process of gas-jet direct-ignition 
method 
 
 
 From the figure, at low injection pressure pj=1.0MPa, the gas-jet ignited, at pj=1.4MPa 
the gas-jet quenched, and at pj=1.6MPa the gas-jet misfired. For low speed gas-jet with 
pj=1.0MPa the flame started to develop immediately after ignition at the center of the 
electrodes. The flame continued to develop downstream and the fuel mixture burned at the 
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bottom of the chamber. However, for gas-jet with pj=1.4MPa the initial flame kernel was 
observed after ignition but it failed to developed. The flame kernel was quenched at the 
bottom part of the chamber. On the other hand, no visible flame kernel was observed for high 
speed gas-jet with pj=1.6MPa. It was considered as misfired. 
 
Figure 2-2 shows the relation of gas-jet stream speed Vsp near the ignition position with 
ignition probability IP. The ignition probability in this research is defined by 10 times or more 
tests; where 10% pressure rise from the ambient pressure at ignition timing is regarded as 
burned. It turns out that ignition probability is falling with the increase of gas-jet stream speed. 
In this particular study the gas-jet stream speed of more than 15 m/s had caused combustion 
failure by initial flame quenching or misfires. Thus to achieve stable combustion, it is 
necessary to control the gas-jet stream speed near the ignition position. It signifies that this 
particular parameter is very important when applying the gas-jet direct ignition method in a 
real engine. 
 
 
Fig. 2-2 Ignitability of gas-jet direct-ignition with changed gas-jet velocity 
 
 
 
10 15 20 25
0
20
40
60
80
100
3.02.01.6pj=1.4MPa
1.2
1.0
pa=0.75MPa
IP
   
 %
Vsp    m/s
Characteristics of Gas-jet Direct-ignition in CNG Combustion 
20 
Next, the effectiveness of multi-stage injection for CNG combustion stabilization is 
explained. Figure 2-3 shows four ignition positions studied in a constant volume combustion 
chamber; (1) the STD ignition position which is at 35mm downstream of the injector outlet, 
(2) US which is 6mm downstream the gas injector nozzle but has a 5mm offset from the 
center of the nozzle axis, (3) UC without bluff body, which is 12mm downstream the gas 
injector nozzle, and (4) UC with bluff body, which has one of the electrodes that obstructs the 
downstream path of the gas-jet. Because of the 5mm off center, the US ignition position has 
the lowest gas-jet stream velocity compared with other ignition positions. 
 
The fuel injection methods are single stage injection (Single injection) and multi-stage 
injection (Multiple injections) as shown in Fig. 2-4. The total injection time was 10ms for 
both single injection and multiple injections. For the single injection, the gas-jet was ignited at 
the time when the fuel jet stream first reaches at the STD or US ignition position. For the 
multiple injections the fuel was delivered in 3 pulses over the 10 ms total injection period. In 
the multiple injections, ignition at UC is performed after injecting small amount of fuel by the 
first pulse injection. The first step is to create flame kernel at the time when gas-jet stream 
speed fell, and the further two-steps making it burn by supplying fuel in a fully grown-up 
flame. 
 
Figure 2-5 shows the ignition probability IP of changing the injection method and an 
ignition position relative to the injection pressure pj. The ambient pressure was fixed at 
0.75MPa. From the figure, also at any condition, if the injection pressure becomes high and 
the gas-jet stream speed increases, ignition probability will decrease. However, in multi-stage 
injection, 100% ignition probability was obtained by high injection pressure compared with 
single stage injection. When especially the gas-jet stream decreases in speed using the 
electrode in the case of UC with Bluff body, the ignition probability of 100% can be 
maintained up to pj=3.0MPa. 
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Fig. 2-3 Layout of gas injector and spark plug for gas-jet direct-ignition ignitability investigation 
 
 
Fig. 2-4 Fuel delivery and ignition method for gas-jet direct-ignition ignitability investigation 
 
 
Fig. 2-5 Effect of multiple-injection and plug position on ignitability of gas-jet direct-ignition 
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2.2 Timing of Gas-jet Injection and Ignition 
 
At present there are three types of fuel delivery and combustion method for CNG direct 
injection engines. Figure 2-6 shows the three methods for CNG injection and ignition [72]: (a) 
premixed-type ignition, (b) gas-jet ignition, and (c) gas-jet ignition with two-stage injection. 
For the premixed-type ignition, fuel is injected early at compression stroke. For the gas-jet 
ignition, fuel is injected near the ignition timing. For the two-stage injection, the first injection 
timing, j1 and its duration, j1 are varied depending on the bilk equivalence ratio, and 
engine performance. The second injection timing, j2 and injection duration j2 are the same 
as the gas-jet ignition. 
 
Fig. 2-6 Timing chart for gas-jet injection and ignition 
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(1) Premixed-type Ignition Method (Fig. 2-6(a)) 
 
Using premixed-type ignition, combustibility depends on the global equivalence ratio, 
. The premixed-type ignition method injects the fuel early at compression stroke. The 
purpose of early fuel injection is to create close to homogeneous mixture as possible 
before ignition. This type of delivery is most suitable for high load operation, i.e. 
stoichiometric equivalence ratio or higher. From previous work of [55, 73, 74] it is 
known that the lean combustion operating limit for this type of fuel delivery is =0.6 
to 0.8. 
 
(2) Gas-jet Ignition Method (Fig. 2-6(b)) 
 
The combustibility using this method relies on local fuel-air mixture concentration 
near the ignition position. The gas-jet ignition method employs late injection timing 
technique which is very near to the ignition timing. The optimal injection timing is 
when the injected fuel just reaches the ignition point with low jet velocity to ensure 
ignitability, while at the same time creating enough combustible mixture to support 
flame core development. The ignitability of mixture using this method has been 
studied by several authors [60, 71, 75, 76]. According to Kidoguchi et al. [60] the 
ignitability of gas-jet ignition is ensured if the spray velocity hitting the ignition point 
is less than 16 m/s and the local mixture surrounding the spark position is near 
stoichiometric. Spray velocity higher than this value or the rich fuel distribution 
locally near the ignition point, would result in flame quenches or misfires. 
 
(3) The Gas-jet Ignition with Two-stage Injection Method (Fig. 2-6(c)) 
 
The method of combining a gas-jet ignition with an early fuel injection is named the 
gas-jet ignition with two-stage injection. The early fuel injection is similar to the 
premixed-type ignition, which was aimed to provide enough time for the fuel-air 
mixture to form a non-heterogeneous mixture. After a specified interval, the second 
fuel injection is executed then followed by spark ignition a few instant later. This 
method utilizes the advantages of both the premixed and the gas-jet ignition. The 
Characteristics of Gas-jet Direct-ignition in CNG Combustion 
24 
mixture ignition is ensured by gas-jet ignition. The flame development is dependent on 
the early fuel injection. The gas-jet ignition setting is usually fixed while the first 
injection timing and duration are changed to suit the desired mixture equivalence ratio. 
 
 
2.3 Application of Gas-jet Ignition Method to a CNG Engine 
 
A typical CNG engine can operate in range of equivalence ratio between 0.8 and 1.1, by 
using premixed ignition method. Problems such as ignitability, cyclic variation and high THC 
emission were common for combustion leaner than 0.8 equivalence ratio. The purpose of this 
study is to extend the stable lean operating range of the CNG engine by addressing such 
problems by applying the gas-jet ignition method and hydrogen addition method to control 
ignition, flame development and THC formation. This research is divided into five phases: 
 
(1) Engine test using premixed ignition; where typical operation of CNG engine using 
direct injection premixed ignition method was investigated, and used as a benchmark. 
 
(2) Gas-jet ignition optimization and engine test; where the gas-jet ignition technique was 
tested and optimized using the test engine and using spray Schlieren images captured 
in a constant volume chamber. 
 
(3) Engine test using gas-jet ignition with two-stage injection; where the gas-jet ignition 
with two-stage injection was implemented to overcome the limited capability of 
premixed ignition and the gas-jet ignition techniques at lean combustion. Effect of 
varying the first injection timing (while keeping the gas-jet ignition timing constant) on 
the test engine performance and emission was also investigated. Further combustion 
improvements study was also made using mixed fuel of CNG with hydrogen addition. 
 
(4) In-cylinder mixture distribution calculation; where CFD software was used to predict 
the mixture distribution in terms of local equivalence ratio inside the cylinder from the 
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